ABSTRACT In this paper, we present a complex Hadamard matrix-aided generalized space shift keying (HSSK) modulation scheme, which introduces complex-Hadamard-based signal vectors at the transmitter to provide higher spectrum efficiency than generalized space shift keying (GSSK). It also has lower maximum-likelihood detection complexity than the multiple active spatial modulation (MA-SM) and generalized spatial modulation (GSM) systems due to the corresponding fast complex Hadamard transform at the receiver. Based on the Lee distance of our signal vectors, we provide an optimized mapping between our data bits and signal vectors. We also analyze the upper bound on the average bit error rate of our HSSK system, which agrees well with the simulation results. Finally, the performance of HSSK is compared with MA-SM, GSM, and GSSK systems through Monte Carlo simulations. It is shown that for the same transmission rate the HSSK system performs better than the GSM, MA-SM, and GSSK systems.
FIGURE 1. System model of proposed HSSK system. achieve higher spectrum efficiency than the GSSK scheme by combining the amplitude/phase modulation techniques with antenna index modulation [10] , [17] [18] [19] . The detection of GSSK, GSM and MA-SM signals is conventionally performed using the Maximum-Likelihood (ML) criterion. Although the GSM and MA-SM are able to provide higher spectrum efficiency than GSSK, their ML detection algorithm, which jointly searches all active antenna combinations and the modulated symbols, increases exponentially in complexity with the number of transmit antennas and modulation levels [16] .
Hadamard matrices have many applications in data compression [20] , coding theory [21] and MIMO systems [22] , [23] . The popularity of Hadamard matrices is due to their simplicity and efficiency in execution of the corresponding fast Hadamard transforms. A complex Hadamard matrix of order n is an n × n matrix U n whose entries are {±1, ±j}, where j = √ −1, and satisfies the orthogonal requirement [24] [25] [26] [27] . In this paper, we present a complex Hadamard matrix-aided generalized Space Shift Keying (HSSK) modulation scheme, which introduces complex Hadamard matrix based mapping operations at the transmitter to provide higher spectrum efficiency than GSSK. It also has lower ML detection complexity than MA-SM and GSM with better Bit Error Rate (BER) performance.
The main contribution of this paper is twofold: (a) A novel HSSK scheme is proposed. By applying the fast complex Hadamard transform, the HSSK has low detection complexity like GSSK and high data rate close to that of GSM and MA-SM systems; (b) More importantly, compared to GSM, MA-SM and GSSK, the HSSK has better BER performance.
The remainder of this paper is organized as follows. Section II presents the system model of the HSSK system. Section III introduces the HSSK modulation and detection algorithms. In Section IV, we analyze the complexity and BER upper bound of the HSSK system with the fast Hadamard transform based ML detection. In addition, an optimized mapping between source bit and symbol vector is also proposed. Simulation results are given in Section V. Finally, Section VI concludes the paper. I n denotes the identity matrix of order n and Re denotes the imaginary part of a complex number. The determinant of a matrix A is indicated by det(A). ⊗ denotes kronecker product and vec(A) stacks all columns of A into a vector.
II. SYSTEM MODEL
As shown in Fig. 1 , an HSSK system consists of a MIMO wireless system with N t transmitter antennas and N r receiver antennas. In the HSSK system, only n antennas are active in each channel use. Therefore, there are L = N t n combinations when choosing n (n < N t ) active transmitter antennas out of N t . For each channel use, log 2 L bits b A are used to select the active antenna combination A, and (log 2 n + 2) bits b s are mapped to a symbol vector, respectively. Following [28] , the transmission rate is defined as the number of bits per channel use (bpcu). Therefore, the transmission rate of the HSSK system is γ = log 2 L + log 2 n + 2.
(1) Let H ∈ C N r ×N t be the MIMO channel matrix from the transmitter to the receiver, whose entries follow CN (0, 1). Let h a k be the a k -th column of channel matrix H and H A = (h a 1 , h a 2 , · · · , h a n ) be the submatrix consisting of n columns of H, corresponding to the combination A. Then, the received signal can be formulated as
where η ∈ C N r ×1 denotes the noise vector whose elements follow CN (0, σ 2 ). Assuming perfect channel state information (CSI) at the receiver, the ML detection can be formulated as
where A = {0, 1, . . . , 2 log 2 L − 1} and S n is the set of columns of the complex Hadamard matrix.
III. HSSK SYSTEM A. HSSK MODULATION
The elements of a complex Hadamard matrix U n of order n can be represented by [24] :
where n = 2 m , u, v = 0, 1, . . . , 2 m − 1 and
is the sign function. Then, columns of
will be used as the symbol of our proposed HSSK system. Example 1: Let n = 4, the corresponding complex Hadamard matrix of order 4 is
The sequential mapping between the incoming data bits and the symbol vectors selected from S 4 are given in Table 1 . In our proposed HSSK system, the transmitter work as follows:
Step 1. Map b I of log 2 L bits to a positive integer l,
Step 2. Map b s of (log 2 n + 2) bits to the decimal presentation k, and select the k-th column vector of S n as the symbol vector s We compare the transmission rates γ of different systems with increasing N t and M = 4 in Fig. 2 . It is clear that HSSK can achieve higher transmission rate than GSSK and GSM.
B. HSSK DETECTION
For the MA-SM, GSM and GSSK systems, the ML detection leads to excessive complexity that grows exponentially with N t , which limits their applicability. To reduce the detection complexity of our HSSK system, we propose a modified ML detection algorithm. At the receiver, instead of excessively searching through all the column vectors in S n directly by the ML detection (2), we can detect s by only searching columns in U n . The steps of the modified ML detection are as follows.
Step 1. For 0 ≤ l ≤ 2 log 2 L − 1, select the l-th active antenna combination A from a mapping table.
Step
by the well-known fast complex Hadamard transform [27] α
where
and I k denotes the identity matrix of order k. VOLUME 5, 2017 Step 3. The output of modified ML detection is given by
where T = {0, 1, . . . , 3} and K = {0, 1, . . . , n − 1}. Note that, the modified ML detection is equivalent to the ML detection (3), mathematically. However, the modified ML detection has lower complexity since the fast complex Hadamard transform is used.
IV. COMPLEXITY AND THEORETICAL PERFORMANCE
In this section, we analyze the complexity and the theoretical performance of the proposed HSSK modulation.
A. DETECTION COMPLEXITY
In this subsection, the complexity of detection in the MA-SM, GSM, GSSK and our proposed HSSK systems is analyzed and compared. For fair comparison, we denote the complexity as the total number of multiplications normalized by the transmission rate. We assume that the ML detection is applied in the GSSK, GSM and our proposed HSSK system. To estimate the computational complexity of ML detection in these systems, we use the number of multiplications required in the detection process. The number of additions can be shown to have a similar view. However, since the complexity of addition is much lower than that of the multiplication, the number of the additions is omitted in the analysis of detection complexity.
Let M denotes the modulation order used in the MA-SM and GSM systems, C M denotes the number of multiplications and C A denotes the number of additions. If we apply the general ML detection to the MA-SM system, the squared Euclidean distance y − Hx 2 F needs (n + 2) multiplications and N r (n + 1) additions, which is calculated 2 log 2 ( N t n ) M n N r times [16] . Consequently, the ML detection in the MA-SM system applies exhaustive search employing as high as
multiplications and
additions, respectively. Since there is only one symbol transmitted via the activate transmit antennas, the ML detection in GSM system employs
additions, respectively. In the GSSK system, since there is no symbol vector transmitted via the activate transmitter antennas and therefore the squared Euclidean distance becomes y − H A . Consequently, the ML detection in the GSSK system employs
additions, respectively. Now, let us analyze the complexity of the modified ML detection for our HSSK system. First, the [α 0 , α 1 , . . . , α n−1 ] = H A U n can be computed by the fast complex Hadamard transform (8) , which only needs n log 2 n additions or subtractions and no multiplication [26] . The multiplication j t α k needs 4 multiplications. Then, the ML detection (9) needs 6 multiplications and N r (n + 1) additions or subtractions. Thus, in the HSSK system, the ML detection applies
additions, respectively. For varying N t , we show the numbers of multiplications and additions in the ML detection in MA-SM, GSM, GSSK and HSSK in Fig. 3 with the configurations given in Table 2 . For fairness, the detection complexities of MA-SM, GSM, GSSK and HSSK systems have to be divided by their transmission rate, respectively. From Fig. 3 , we can see that the ML detection complexity of the HSSK system is much lower than that of the MA-SM and GSM systems and close to that of the GSSK system. 
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B. THEORETICAL PERFORMANCE
In this subsection, we first analyze the Lee distance [29] of symbol vectors in the HSSK system and propose an optimized mapping between the data bits and symbol vectors selected from S n . Then, we also provide an upper bound on the BER of the ML detection for the HSSK system. Theorem 1: If the complex Hadamard matrix U n is used in the HSSK system, then the minimal Lee distance of columns in S n is n and the maximum Lee distance is 2n. Proof. Since any two different column vectors s i and s j of matrix U n are conjugate orthogonal, by
and we have the Lee distance
where 2 denotes all 2 vector of length n. The proof is completed. Based on the Lee distance (19) , we can use the gray mapping for s i , s j belong to the same submatrix j k U n , and inverse mapping for s i = s j + 2. An example of the new mapping is given in in Table 3 . In this paper, we refer to this new mapping as optimized mapping.
Next, we derive an upper bound on the average BER for our HSSK system based on the Pairwise Error Probabilities (PEP) Pr(x →x), which denote the probability of detectingx given that x is transmitted. From (3), the PEP can be formulated as
We can apply Craig's representation of Q-function
to obtain a theoretical result. By using (21), (20) can be rewritten as [30] Pr(x →x|H) = 1 π
Following [31] , we have
where (·) is the Moment-Generating Function (MGF) of the random variable H(x −x) 2 F . Clearly, H(x −x) 2 F can be expressed as a complex quadratic form like in [32] as
where R s = R rx ⊗ R tx , R s denotes the spatial correlation matrix, R rx denotes transmitter correlation matrix and R rx denotes receiver correlation matrix, respectively. H W is obtained by H = Q H r H W Q t , where the matrices Q r and Q t are the square roots of R rx = Q H r Q r and R tx = Q H t Q t , respectively. Using the results derived in [31] , the MGF of (24) can then be expressed as
Following [32] , mathematical manipulations on (25) lead to
where the parameters λ i and τ j denote the eigenvalues of the matrices (x−x)(x−x) H R tx and R rx , respectively. Substituting (26) into (23), we have
Then, the BER of the HSSK with the ML detector can be bounded as
Pr(x →x)e(x,x), (28) where e(x,x) denotes the number of bits in error between x andx.
V. SIMULATION
In this section, we first present some examples to compare the BER performance of HSSK system with the optimized mapping to that of the sequential mapping. Then, we show the theoretical and simulation results for BER performance of HSSK. The theoretical results are obtained using our theoretical analysis result (28) . Finally, we also compare the BER performance of our proposed HSSK system with MA-SM, GSM and GSSK systems. 
A. PERFORMANCE COMPARISON BETWEEN HSSK SYSTEM WITH OPTIMIZED MAPPING AND SEQUENTIAL MAPPING
For n = 4 and varying N t , Fig. 4 compares the BER performance between HSSK system with optimized mapping and sequential mapping. Specifically, for N t = 6, HSSK system with optimized mapping has about 0.8 dB performance gain compared to HSSK system with sequential mapping at BER = 1 × 10 −5 . For N t = 8, HSSK system with optimized mapping has about 0.5 dB performance gain compared to HSSK system with sequential mapping at BER = 1 × 10 −5 . For N t = 10, HSSK system with optimized mapping has about 0.3 dB performance gain compared to HSSK system with sequential mapping at BER = 1 × 10 −5 . Therefore, the simulation results show that HSSK system with optimized mapping can achieve better BER performance, which complies with our theoretical analysis. Fig. 5 illustrates the theoretical bounds (28) and simulation results of BER for HSSK with n = 4 for N t = 6, 8, 10 and n = 8 for N t = 20, 22, 25, respectively. It is observed that, as expected, both analysis and simulation predict that the increase of N t degrades the BER rapidly. It can also be seen that the deviation between simulated and analytical results is almost negligible, especially in the high SNR region. The deviations between the theoretical results and the simulation results, in low SNR region, are due to the reason that some approximation premise in the theoretical derivation cannot be satisfied.
B. THEORETICAL AND SIMULATION RESULTS OF THE HSSK SYSTEM
C. PERFORMANCE COMPARISON OF MA-SM, GSM, GSSK AND HSSK SYSTEMS Fig. 6 compares the BER performance of the HSSK system to that of the MA-SM system with the same transmission rate γ and number of transmit antennas N t . In order to achieve the same transmission rate, the MA-SM system is equipped with Binary Phase Shift Keying (BPSK) and the number of activate antennas n is adjusted. It can be seen from Fig. 6 that, the HSSK systems achieve a better BER performance than that of the MA-SM systems. Fig. 7 also compares the BER performance of the HSSK system to that of the GSM system with the same transmission rate γ and BPSK modulation. In order to achieve the same transmission rate, the number of transmit antennas N t is adjusted for GSM system. It can be seen from Fig. 6 that, the HSSK systems also achieve better BER performance than that of the GSM systems. Fig. 8 compares the BER performan of the HSSK systems and the GSSK systems with the same transmission rate γ . In order to achieve the same transmission rate, the number of transmit antennas N t is adjusted for GSSK system. It can be seen from Fig. 8 that, the BER performance of HSSK system is better than that of the GSSK system with the same transmission rate.
VI. CONCLUSION
In this paper, we introduced the complex Hadamard matrixaided GSSK, which is referred to as the HSSK. The HSSK system applied complex Hadamard based mapping operations at the transmitter to increase the transmission rate, but with low detection complexity due to the fast complex Hadamard transform. In order to further improve the BER performance, we also proposed the optimized mapping for the HSSK system based on the Lee distance of the symbol vectors. The simulation results showed that HSSK systems with optimized mapping performed better than HSSK systems with sequential mapping. Furthermore, we also provided the upper bound on BER of the HSSK system. This analytical results agreed well with the simulation results. Finally, we compared HSSK systems to MA-SM, GSM and GSSK systems. It was shown that the HSSK systems have better BER performance than the MA-SM, GSM, GSSK systems with the same transmission rates.
